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The acceptance of broadband ultrasound attenuation (BUA) for the assessment of osteoporosis 
suffers from a limited understanding of ultrasound wave propagation through cancellous bone. It has 
recently been proposed that the ultrasound wave propagation can be described by a concept of 
parallel sonic rays. This concept approximates the detected transmission signal to be the 
superposition of all sonic rays that travel directly from transmitting to receiving transducer. The transit 
time of each ray is defined by the proportion of bone and marrow propagated. An Ultrasound Transit 
Time Spectrum (UTTS) describes the proportion of sonic rays having a particular transit time, 
effectively describing lateral inhomogeneity of transit times over the surface of the receive ultrasound 
transducer. 
The aim of this study was to provide a proof of concept that a transit time spectrum may be derived 
from digital deconvolution of input and output ultrasound signals. We have applied the active-set 
method deconvolution algorithm to determine the ultrasound transit time spectra in the three 
orthogonal directions of four cancellous bone replica samples and have compared experimental data 
with the prediction from the computer simulation. The Level of Agreement between experimental and 
predicted UTTS analysis derived from Bland-Altman analysis ranged from 92% to 99%, thereby 
supporting the concept of parallel sonic rays for ultrasound propagation in cancellous bone.  In 
addition to further validation of the parallel sonic ray concept, this technique offers the opportunity to 
consider quantitative characterisation of the material and structural properties of cancellous bone, not 
previously available utilising ultrasound.  
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interference 
 
1  Introduction 
 
The measurement of Broadband Ultrasound Attenuation (BUA) in cancellous bone describes the 
linear increase in ultrasound attenuation with frequency, generally between 200 kHz and 600 kHz [1]. 
The measurement of BUA has been extensively clinically validated for assessment of osteoporotic 
fracture risk [2], [3]. There lacks however a fundamental understanding of the physical mechanisms 
that determine the relationship between BUA measurement with the material and structural properties 
of cancellous bone. 
 
A number of theoretical approaches have been described to explain ultrasound propagation through 
a complex porous composite such as cancellous bone.  
The Simple Mixture Theory (SMT) predicts trends with ultrasound frequency but does not provide 
accurate quantitative data [4]. Schoenberg proposed a simple model for bone structure [5]; that 
considers a micro-structure consistent with a periodic array of stratified layers, however no absorbtion 
is predicted because the liquid is considered to be inviscid. Furthermore, a scattering model based 
upon the velocity of bone and marrow along with scatterer size has also been proposed [6]. The Biot 
theory [7], [8] was developed to predict the acoustical properties of fluid saturated porous rocks in the 
context of geophysical testing and has been used extensively to describe the ultrasound propagation 
in cancellous bone [9–12]. The Biot theory considers both the vibrational motion of the solid elastic 
framework (bone) and the interspersed fluid (marrow), induced by the ultrasonic wave; however, it 
suffers from a large number of parameters that need to be estimated or measured. Combinations and 
alterations of Biot’s and Schoenberg’s theories have been developed by several authors [13–16] that 
have successfully predicted ultrasonic wave velocities, although attenuation predictions remain 
elusive.   
 
In an invited paper published within this Journal to commemorate 25 years since the introduction of 
BUA, Langton proposed a theory suggesting that the primary attenuation mechanism associated with 
BUA is phase interference due to transit time inhomogeneity as detected by the receiving ultrasound  
transducer [17]. The Langton theory considers the pathways of parallel sonic rays travelling from 
transmitting to receiving transducers,  the resultant output signal being a superposition of all sonic 
rays, inherently avoiding complications with reflection and refraction at bone-marrow interfaces. This 
concept has successfully predicted phase interference due to transit time inhomogeneity in replica 
bone:marrow composite models [18].  
Sonic rays are thus transported in a straight line with varying velocity depending solely on the 
proportions of solid (e.g. bone) and liquid (e.g. marrow) encounted, being a minimum (tmin) solely 
through solid and a maximum (tmax) solely through liquid. Hence, it is possible to define an Ultrasound 
Transit Time Spectrum (UTTS) describing the proportion of sonic rays having a particular transit time. 
In order to determine the UTTS from input and output ultrasound siganls, a numerical routine for 
computational deconvolution is required. The aim of this study was to provide a proof of concept that 
a transit time spectrum may be derived from digital deconvolution of input and output ultrasound 
signals. We have applied the active-set method deconvolution algorithm to determine the ultrasound 
transit time spectra in the three orthogonal directions of four cancellous bone replica samples and 
have compared experimental data with the prediction from the computer simulation, which are based 
on the parallel sonic ray concept.  
 
2  Active-Set Method Deconvolution Algorithm 
  
Consider an ultrasound wave from a transmitting ultrasound transducer given by      which 
propagates through a cancellous bone sample as an array of parallel sonic rays, with potentially 
different transit times. These are then detected at the far side of the bone sample by a separate 
receiving ultrasound transducer. If the Transit Time Spectrum is given by     ,        thus 
describes the probability that a particular sonic ray transmitted at     will arrive at the receiving 
transducer between times   and     . The resultant signal at the receive transducer will be given 
by the sum of all these sonic rays arriving at different times   according to the transit time spectrum. 
Thus, the received signal      is given by  
        
 
  
                       (1) 
where   represents the operation of convolution. As we have prior knowledge of      and     , the 
received ultrasound signals with and without the sample respectively, we wish to determine the transit 
time spectrum     , in order to gain an insight into the cancellous bone sample between the two 
transducers. Finding such a function involves inverting the convolution operator, that is, 
deconvolution. The active-set method, described by Landi and Zama [19], was applied to find the 
non-negative solution for T(t). 
 
3  Methods 
3.1  Cancellous Bone Replica Models 
 
The test samples were prepared from previously obtained micro-CT data of 4 mm cubic human 
cancellous bone samples from the femoral head (FR), lumbar spine (LS), iliac crest (IC) and 
calcaneus (CA), scanned with a resolution of 20 microns and converted into stereolithography (STL) 
replica models (Waterclear 10110). Due to the spatial resolution limitation of the STL system utilised, 
it was not possible to create dimensionally exact replicas of the micro-CT data. A spatial magnification 
of 15 was used in the reconstruction of the models to match the ratio of minimum stereolithography 
wall thickness to micro-CT resolution, in order to preserve structural fidelity. A photograph of the 
cancelous bone replica models is shown in Figure 1. It should be emphasised here that this study 
aims to demonstrate a technique for derivation of the ultrasound transit time spectrum of complex 
media rather than perform an ultrasound study of  cancellous bone, thus any mechanical property 
differences is negligible as long as the speed of sound in resin is much higher than in oil, which is the 
case in this study. 
 
3.2  Experimental Studies 
Ultrasound measurements were performed utilising a pair of 35 mm diameter broadband transducers 
with a centre frequency of 1 MHz. The transmitting and receiving transducers were placed at 
opposing sides of the test samples and submersed in canola oil to mimic bone marrow. Bone marrow 
consists manly of adipose tissue which is in a gel-liquid state at body temperature. For this reason oil 
has been considered to be an reasonable anology to bone marrow [20]. The transmitting ultrasound 
transducer was energized by a 400 V spike from a pulser-receiver unit (Model 5800PR, Panametrics, 
Waltham, MA, USA). The receiving transducer was connected to the pre-amplifier of the 
pulser-receiver and then to a 14-bit digitiser card operating at 50 MHz digitisation rate (PCI 5122, 
National Instruments, Austin, TX, USA). The received ultrasound signal was recorded for analysis. 
Measurements were performed in each of the three orthogonal directions, labelled X, Y, and Z, for 
each of the four models. A sketch of the experimental setup is shown in Figure 2. 
 
 
3.3  Experimentally derived Ultrasound Transit Time Spectrum via Deconvolution 
The ultrasound transit time spectrum of the experimental data was derived via deconvolution of the 
measured output signal and the signal through oil, which served as the ultrasound input signal. The 
signal processing was performed with a custom written MATLAB (MathWorks, Natick, MA, USA) 
program. After discretising the signals, the active set method function was applied and a probability 
and time vector returned, thereby deriving the transit time spectrum. Since the time vector was 
defined such that tmax, corresponding to travel through oil only, was zero; sonic rays travelling through 
a combination of resin and oil had negative transit times.  
3.4  Predicted Ultrasound Transit Time Spectrum 
Using the original micro-CT data, the ultrasound transit time spectrum (UTTS) was derived. Along 
each row of voxels in each of the x, y, and z-directions, the total number of resin voxels and oil voxels 
were calculated thereby enabling the total transit time to be calculated; the distribution of such transit 
times over every row of voxels constitutes the ultrasound transit time spectrum. 
The velocity for the stereolithography resin and oil were experimentally derived, being 2451 2 m/s 
and 1513+3 m/s respectively.  
 
The Level of Agreement (LoA) between experimental and calculated ultrasound transit time spectra 
was determined by applying the Bland-Altman Method [21][22], an appropriate way of comparing two 
different measurement methods if no true reference value is known and if the results don’t follow a 
normal distribution [23]. 
The difference ( ) of the two results are plotted against their average value                   as 
a scatter plot. In addition the mean value of the difference     and the 95% limits of agreement (LoA 
=    1.96 standard deviations) are calculated.  
 
4  Results  
The experimentally derived (solid line) and predicted transit time spectra (dashed line) along with the 
Bland-Altman analysis of the femoral head (FR), lumbar spine (LS), iliac crest (IC) and calcaneus 
(CA) is shown in Figure 3-7. A summary of the quantitative results is listed in Table 1. 
By definition, 95% of the difference (d) points should lie between the lower and the upper LoA in order 
to have a statistical agreement between the two methods. For our data sets an acceptable percentile 
of points, namely 88% to 96% of points lie between the 95% limits of agreement. The standard error 
of the LoA is approximately          where SD is the standard deviation and N is the sample size. 
The 95% CI of the LoA is given by        standard error; since the 95% CI are relatively small, we 
can conclude a good agreement of the experimentally derived and the predicetd transit time spectra, 
namely 92% to 99% are within the 95% of the confidence intervals.  
A plot of mean transit time and standard errors for experimental and predicted analysis is shown in 
Figure 7. The black dotted line represents the line of equality, while the solid line is the robust 
regression fit resulting in                       . This shows that the two data sets are close 
to zero, which indicates an overall agreement. The dashed lines are the corresponding 95% CI of the 
predicted values. The sample notation is FR (femoral head), LS (lumbar spine), IC (iliac crest), and 
CA (calcaneus).  
Noting that reflection and refraction contribute to a reduction in the overall amplitude of the 
experimental signal, normalisation was performed by digitally amplifying the experimental signal such 
that the integral under the time spectrum matched that of the predicted time spectrum integral .  
Evidenced by the Bland-Altman plots and by direct qualitative comparison, the experimentally derived  
ultrasound transit time spectra agree with those predicted by the Langton theory, supporting the 
hypothesis that ultrasonic wave propagation may be approximated by a parallel sonic ray model. 
Applying a robust regression fit, provides a slope of 1.0038, close to equality.  
 
 
 
 
 
5  Discussion 
 
 
This study introduces a technique to derive the transit time spectrum for parallel sonic rays travelling 
through a structurally complex sample such as cancellous bone. The resulting spectra were 
compared with predicted transit time spectra based upon computer simulation of the parallel sonic ray 
model. A key observation, both qualitative and quantitative evidenced, is that experiment and 
predicted transit time spectra show good agreement. 
To the authors’ knowledge, this is the first time that a transit time spectral analysis of ultrasound 
signals has been reported in order to explain ultrasound propagation in complex media such as 
cancellous bone. Previous studies, both numerical finite difference time domain simulation and 
experimental studies, have generally determined the ‘fast’ and ‘slow’ wave associated with the Biot 
theory [24–27]. Anderson et al., Wear, and Sebaa et al. have all identified a limitation of overlapping 
waves introducing different methods to solve the inverse problem and to separate the ‘fast’ and ‘slow’ 
waves [28–30]. Our study offers an alternative approach to address interfering waves by deriving the 
transfer function, unique to an individual sample. The resulting transit time spectrum describes the 
lateral inhomogeneity of transit times over the receiving surface, hence indicating multiple sonic rays, 
which are likely to overlap.  
A limitation of this study is that we have used magnified replica cancellous bone samples rather than 
natural tissue samples. Noting that there is not an inherent scale limitation for the deconvolution 
method  it may be applied to all samples including natural tissue, which will be studied in the future. 
However, for the measurement of small samples relative to the receiving transducer surface, a 
correspondingly high amplitude ‘liquid’ signal will be observed; this may be readily addressed by 
utilising a receiving transducer of comparable dimension to the sample. Further, for a given structure, 
sample thickness will inherently determine the dynamic range of transit times (tmax – tmin); which will 
subsequently influence the digitisation rate utilised. 
Furthermore we have only provided comparison for components of the spectra where transit time is 
faster than a direct traversal of ultrasound solely through oil, since this is the longest time that 
achievable in the transit time concept. However, our transit time spectral analysis of experimental 
ultrasonic data reveals the appearance of peaks that most probably result from ultrasound reflections 
within the bone structure before detection. Whilst these reflection peaks are ignored in the parallel 
sonic ray concept due to their non-direct path to detection, they may provide useful structural 
information in the future; further investigation is therefore warranted. 
 
6  Conclusion 
 
In this paper, a method for deriving the ultrasound transit time spectrum (UTTS) for sonic rays through 
cancellous bone replica samples is described through implementation of the active-set method for 
constrained deconvolution. The Level of Agreement between experimental and predicted UTTS 
derived from Bland-Altman analysis ranged from 92% to 99%, thereby supporting the concept that 
ultrasonic wave propagation in complex porous samples may be approximated by parallel sonic rays.  
In addition to further validation of the parallel sonic ray concept, this technique offers the opportunity 
to consider quantitative characterisation of the material and structural properties of cancellous bone, 
not previously available utilising ultrasound.  
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 Figure 1: Photograph of the magnified replica resin bone models. From left to right: calcaneus, 
femoral head, iliac crest, lumbar spine. 
 
 
 
 
 
 
Figure 2. Sketch of the experimental setup. The transducers remain constant and the sample is 
rotated after each measurment. 
 
 Figure 3. Left: Predicted (blue dashed) and experimentally derived (red solid) transit time spectra for 
ultrasound propagating in the x, y, z direction in the iliac crest. Right: Corresponding Bland-Altman 
plot with   (red solid line), upper and lower 95% LoA (red dashed line), and 95% CI (black dotted 
line).  
 Figure 4. Left: Predicted (blue dashed) and experimentally derived (red solid) transit time spectra for 
ultrasound propagating in the x, y, z direction in the calcaneus. Right: Corresponding Bland-Altman 
plot with   (red solid line), upper and lower 95% LoA (red dashed line), and 95% CI (black dotted 
line).  
 Figure 5. Left: Predicted (blue dashed) and experimentally derived (red solid) transit time spectra for 
ultrasound propagating in the x, y, z direction in the femoral head. Right: Corresponding 
Bland-Altman plot with   (red solid line), upper and lower 95% LoA (red dashed line), and 95% CI 
(black dotted line).  
 Figure 6. Left: Predicted (blue dashed) and experimentally derived (red solid) transit time spectra for 
ultrasound propagating in the x, y, z direction in the lumbar spine. Right: Corresponding Bland-Altman 
plot with   (red solid line), upper and lower 95% LoA (red dashed line), and 95% CI (black dotted 
line).  
 Figure  7. Mean values and standard errors of the signal derived versus Langton theory derived 
transit times. The black dotted line represents the line of equality, the solid line is the robust 
regression fit (                      ) and the dashed lines are the corresponding 95% CI of 
the predicted values. The sample notation is FR (femoral head), LS (lumbar spine), IC (iliac crest), 
and CA (calcaneus). 
 
 
 
 
 
 
 
 
 
 
 
Table  1. Statistical analysis of the signal derived and the Langton theory derived transit time 
spectra: mean value with standard error (SE), standard deviation (SD), difference of the two datasets 
( ), upper and lower 95% limits of agreement (LoA), amount of data points within LoA, and amount of 
data points within the 95%CI of LoA. The sample notation is FR (femoral head), LS (lumbar spine), IC 
(iliac crest), and CA (calcaneus) for orthogonal direction X, Y, and Z.  
 
 
 
 
sample  (mean   SE)       SD         Percentile of 
points within 
  signal derived   predicted   signal derived  predicted          95% CI of LoA 
FR X  0.34   0.03  0.32   0.03  0.45 0.42 -1.95 97% 
FR Y   0.29   0.03   0.28   0.02   0.40  0.31 -1.79 99%  
FR Z   0.33   0.03   0.35   0.02  0.39  0.32   2.21  94%  
IC X   0.98   0.08   1.00   0.08   1.00  0.99   3.51  95%  
IC Y   1.10   0.09   1.20   0.10   1.20  1.30   4.83  94% 
IC Z   1.70   0.17   1.80   0.16   2.00  1.90  11.68 95%  
LS X   1.70   0.16   1.70   0.21   1.80  2.30   4.47  92%  
LS Y   2.10   0.25   2.30   0.25   2.90  3.00  15.54  95% 
LS Z   2.50   0.32   3.00   0.30   4.60  4.30  44.56  97% 
CA X   2.00   0.25   2.00   0.28   2.30  2.60  5.92  94%  
CA Y   1.70   0.25   1.70   0.27   2.30  2.50  3.33 94%  
CA Z   1.90   0.30   1.80   0.30   2.40  2.40  7.40 97%  
